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Available online 21 April 2016Spray-pyrolysed SnIV-dopedα-Fe2O3 photo-anodeswere used for photo-assisted splitting of HS− ions in alkaline
aqueous solutions, producing polysulﬁde (Sn2−) ions together with hydrogen at the cathode. Subsequent aerial
oxidation of polysulﬁde could be used to produce elemental sulfur. At an applied electrode potential of 1.07 V
(RHE) and an irradiance of 5.6 kWm−2, stable photocurrents of ca. 11 A m−2 (2 × 10−3 AW−1) were recorded
over 75 h, polysulﬁde concentrations increasing linearly with time. Despite being predicted thermodynamically
to form iron sulﬁde(s) in sulﬁde solutions, such photo-anodes appeared to be stable. In comparisonwith conven-
tional water splitting under alkaline conditions, the coupled processes of hydrogen sulﬁde ion oxidation and
water reduction had a lower energy requirement.
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Research on water splitting with solar energy to produce hydrogen
(and oxygen) has focused mainly on synthesis, fabrication, and perfor-
mance determination of photon-absorbing materials as prospective
photo-electrodes at laboratory scale. Thermodynamically less energy-
intensive processes such as hydrogen sulﬁde splitting remain as a
concept for lack of suitable semiconductors. Whereas a conventional
(liquid) water splitting reactor requires a standard equilibrium
potential difference of 1.23 V (1.48 V thermo-neutral potential) to pro-
duce oxygen and hydrogen, the corresponding value for hydrogen
sulﬁde splitting into hydrogen and polysulﬁdes is predicted to be only
ca. 0.27 V in alkaline solutions, as shown in Fig. 1.
Hydrodesulfurisation uses hydrogen to remove sulfur as H2S from
petroleum products in oil reﬁneries, at which N70 Mt per annum
elemental sulfur is produced subsequently by Claus processes [1].
After absorption of H2S in alkaline solutions, photo-electrochemical
splitting of the resultingHS− ions could form the basis of amore elegant
process, producing hydrogen for hydrodesulfurisation and partially
oxidising the sulﬁde to polysulﬁdes, for subsequent oxidation to ele-
mental sulfur in an external reactor. This was addressed decades ago
with limited progress [2–5], but regained attention [6–8] as oil reﬁner-
ies produced increasing quantities of H2S. A theoretical maximum ofdoya-Lora).
. This is an open access article under26% exergy efﬁciency can be achieved for hydrogen sulﬁde splitting
[9], but again a stable, inexpensive, and efﬁcient photo-electrode mate-
rial is needed presently. Furthermore, the simultaneous presence of sev-
eral polysulﬁde species, predicted by Fig. 1, and their spontaneous
oxidation in oxygenated electrolytes still represent a challenge for the
measurement of time-dependent electrochemical oxidation efﬁciencies
and individual polysulﬁde concentrations [10].
Hematite has been the subject of extensive research on water split-
ting for hydrogen production, mainly because of its stability, low cost,
and facile fabrication in thin ﬁlm form. However, the energy of its con-
duction band edge precludes spontaneouswater splitting and it exhibits
low energy conversion efﬁciencies, impeding scaling up. Recently, inter-
est in hematite as a prospective photo-anode has been rekindled by
morphology modiﬁcation [11], doping, and under-layer deposition
[12,13].
We report below results for photo-assisted splitting of HS− ions in
alkaline aqueous solutions using spray-pyrolysed SnIV-doped α-Fe2O3
photo-anodes, which surprisingly exhibited apparent stability and sig-
niﬁcant activity, despite being predicted thermodynamically to form
iron sulﬁde(s) in such solutions.
If a photo-electrochemical reactor is usedwith a single photo-anode,
hydrogen sulﬁde splitting can be summarised in three processes in the
semiconductor, photo-anode, and cathode, respectively:
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ð1Þthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Potential-pH diagram for meta-stable S-H2O system with all sulfoxy species
excluded and dissolved sulfur concentration of 0.5 M.
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2n−2ð ÞH2Oþ 2n−2ð Þe−CB→ n−1ð ÞH2 þ 2n−2ð ÞOH− ð3Þ2. Materials and methods
2.1. SnIV-doped α-Fe2O3 photo-anodes
SnIV-doped iron oxide was spray pyrolysed at 480 °C onto titanium
foil substrates [14], which had been polished with aqueous dispersions
of b300 nm alumina particles, degreased with acetone and left over-
night in 0.5 M oxalic acid to minimise the oxide layer thickness, rinsed
again with acetone and ultra-sonicated in de-ionised water.
0.1 M FeCl3 (Sigma–Aldrich, UK) and 0.6 mM SnCl2 dissolved in
ethanol absolute was used as precursor and nebulized with a quartz
spray nozzle (Meinhard, US) attached to a CNC machine (Heiz T-720,
Germany). 40 layers of precursor solutionwas sprayed to achieve an es-
timated thickness of ca. 20 nm [14]. Photo-active areas of fabricated
photo-anodes corresponding to the light source's 3 × 6 mm2 beam
area, were deﬁned by coating unexposed areas with insulating acrylic
lacquer (RS Components, UK).Fig. 2. Linear sweep voltammograms for Ti | Sn-dopedα-Fe2O3 | 1MNaOH±Na2S (pH=
14) |Pt | Ti under dark and illuminated conditions; 10 mV s−1 scan rate. Xenon Arc lamp
irradiance 5.6 kW m−2.2.2. Photo-electrochemical cell
The photo-electrochemical reactor (PVC body with a quartz aper-
ture) incorporated a Naﬁon 424 PTFE-reinforced cation-permeable
membrane (DuPont Inc.), a SnIV-doped α-Fe2O3 photo-anode working
electrode, and a platinized titanium mesh counter electrode. A
HgO|Hg reference electrode was usedwhen electrodes were immersed
in 72 cm3 of 1 MNaOH (pH 13.6), while an Ag2S|Ag electrodewas used
in 1MNaOH+0.5MNa2S (pH 14) solutions; the catholyte was 88 cm3
of 1 M NaOH (pH 13.6). In the data presented, all electrode potentials
were converted to the reversible hydrogen electrode (RHE) scale. The
photo-response was monitored under illumination from a Xenon arc
lamp (LOT-Oriel) with an intensity of ca. 5.6 kWm−2.
Electrolyte solutions were purged in both compartments with high-
purity nitrogen for 1 h prior to and during photo-electrolysis, to avoid
oxidation of polysulﬁdes by the presence of any adventitious dissolved
oxygen. A ﬁxed potential of 0.9 V vs. Ag2S|Ag (1.07 V (RHE)) was
applied under illuminated conditions.2.3. Polysulﬁde concentration determination
UV–visible spectrophotometry (HP 8452 A, Agilent Technologies,
UK) was used to quantify polysulﬁde concentrations, expressed as
S22− ions, following a previous report [15], but without the need
for dilution. A calibration curve was obtained after dissolving
elemental sulfur in de-oxygenated 1 M NaOH +0.5 M Na2S ((n−
1) 'S ' +HS−+OH−→Sn2−+H2O) and measuring absorbances at
295 nm. All solutions were kept closed or purged constantly with
high-purity nitrogen when possible.
Using an Ag2S|Ag reference electrode and platinum foil working
electrode, open circuit potentials of the polysulﬁde solutions were also
measured as a function of concentration.
3. Results and discussion
Homogeneous ca. 20 nm thick, brown-red α-Fe2O3 was spray
pyrolysed onto titanium substrates [14,16], producing well-adherent
ﬁlms that appeared chemically stable after being immersed in hydrogen
sulﬁde solution for 4 weeks.
3.1. Photocurrent response
Fig. 2 shows typical linear sweep voltammograms for a SnIV-doped
α-Fe2O3 photo-anode in the absence and presence of hydrogen sulﬁde
ions (HS−), under light and dark conditions. The photocurrent onset
potential of ca. 0.7 V (RHE) for oxygen evolution in alkaline solution in
the absence of sulﬁde ions (EO2/OH−=1.229 V (RHE)) decreased to
ca. 0.2 V (RHE) upon addition of HS− ions. The equilibrium potential
(Fig. 1) of the HS− oxidation reaction (2) to Sn2− ions for n= 2:
ES 2−2 =HS
− RHEð Þ=V ¼ 0:278þ 0:0296 log S2−2
 
−0:0592 log HS−ð Þ ð4Þ
combined with its fast kinetics [6], helped to minimise the rates of elec-
tron–hole recombination, especially at lower potentials. At a current
density of 10 Am−2, the photo-potential was ca. 0.4 V (RHE). Photocur-
rent densities increased rapidly as the potentialwas increased from0.87
to 1.07 V (RHE), then reached a plateau just prior to the onset of ‘dark’
currents at 1.17 V, limited by the photon ﬂux with ultra-band gap ener-
gies (N 2.1 eV;λ b 590nm) and by rates of electron–hole recombination.
The latter was determined from measurements of incident photon to
current efﬁciencies, which increased from 4% to 10% at 360 nm in the
absence and presence of hydrogen sulﬁde ions at 1.53 V and 1.17 V
(RHE), respectively; hence, less energy was required to achieve higher
Fig. 4. Time dependence of polysulﬁde (predominantly S22−) ion concentration produced
by illuminated (5.6 kW m−2) Sn-doped α-Fe2O3 photo-anode at 0.9 V vs. Ag2S|Ag
(1.07 V (RHE)).
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The sharp increase in photocurrent densities at potentials N1.4 V
(RHE) in sulﬁde solutions corresponded to oxidation of sulﬁdes to
elemental sulfur, which could be seen as a yellow layer on the photo-
anode, especially at potentials ≥1.6 V (RHE), leading to inhibition of
the photo-anode reaction.
Fig. 3 shows the time dependence of photocurrent densities at
potentials in the range 0.87–1.17 V (RHE). Potentials N1.07 V (RHE) re-
sulted in a minor decrease of photocurrent during the ﬁrst hour; this
was evident only after analysing the d[jphoto]/dt gradient over the last
45 min. However, current densities were restored to their initial values
after the photo-anode was washed with de-ionised water. This indicat-
ed that, despite the predicted instability of α-Fe2O3 in sulﬁde solutions,
the principal reason for photocurrents decreasing with time was sulfur
deposition by the reaction:
S2−5 þ 2hþVB→50S 0
←
ð5Þ
ES=S 2−5 RHEð Þ=V ¼ 0:5084−0:0296 log S
2−
5
 
3.2. Time dependence of polysulﬁde concentrations
At an applied potential of 1.07 V (RHE), the illuminated SnIV-doped
α-Fe2O3 photo-anode produced photocurrent densities of ca. 11.5 ±
0.5 A m−2 over 75 h, after which no sulfur deposit was evident to the
naked eye. The resulting time-dependent concentrations of polysulﬁde
ions were determined spectrophotometrically during the ﬁrst 30 h,
using a calibration curve (r2 = 0.994) over the concentration range
[0.5–5] mM S22−. Unlike reported previously [15], dilution was not nec-
essary, though concentrations N20 mM S22− generated absorbance
values outside the linear response range of the spectrophotometer.
Fig. 4 shows the time dependence of polysulﬁde (expressed as S22−
ions) concentrations in the anolyte. The concentration of S22− ions in-
creased linearly from 3 to 30 h, during which time polysulﬁde concen-
trations in the catholyte were less than the detection limit, indicating
that their transport from anolyte to catholyte was impeded successfully
by the cation-permeable membrane.
Solutions ([0.5–5]mMS22−) used for spectrophotometric calibration
exhibited a similar open circuit potential in sulﬁde solution with an
average of 0.2696 V vs RHE. As reported previously [17], solving the
mass balance for sulfur species coupled with Nernst equations for
each polysulﬁde species enabled prediction of their concentrations as
a function of potential in the range 0.25–0.55 V (RHE), at pH 14 and atFig. 3. Chronopotentiometry at different potentials for Ti | Sn-doped α-Fe2O3 | 1 M NaOH
+0.5 M Na2S | Pt | Ti. Xenon Arc lamp irradiance 5.6 kWm−2, pH = 14.a dissolved sulfur concentration of 0.5 M. Using these particular
parameter values, hydrogen sulﬁde ions (HS−) were expectedly the
predominant species, followed by S22− ions, accounting for 99.2% of all
polysulﬁde species (Sn2−, n = 2–5), justifying their use e.g. in Fig. 4.
Kinetics and mechanisms of polysulﬁde formation will be addressed in
a subsequent publication.
3.3. Analysis of charge yields
From the gradient (d[Sn2−]/dt) of the regression line in Fig. 4, the
charge yield (ΦSn2−
e) for polysulﬁde production can be estimated for
reaction (2) from:
ΦeS 2−n ¼
Va  d S2−n
 
dt
2n−2ð ÞF
jAa ð6Þ
where Va is the anolyte volume, Aa the photo-anode area, j is the average
photocurrent density (11.5 Am−2) over time t, and (2n− 2) is the hole
stoichiometry of reaction (2).With the illuminated SnIV-dopedα-Fe2O3
photo-anode at an applied potential of 1.07 V (RHE), S52− ions were
probably formed at the photo-anode surface (i.e. n = 5), but the
photo-anode reaction would have been coupled to homogeneous elec-
tron transfer reactions, e.g.
S2−5 þ 3HS− þ 3OH−→
kc 3H2Oþ 4S2−2 ð7Þ
as predicted by Fig. 1. Importantly, as the best estimate of the ﬂat band
potential UFB(α-Fe2O3)≈ 0.76 V (RHE) (−0.067 V (SHE) at pH 14 [18],
even at lowphoto-anode potentials atwhich photo-generated electrons
could reach the anode | electrolyte interface, those electrons would be
insufﬁciently energetic to reduce the polysulﬁdes by the reverse of reac-
tion (2). Fig. 2 shows how much more facile photo-oxidation of HS−
was than for OH− ions. Hence, it was reasonable to assume an effective
charge yield of unity for Sn2− formation, enabling a mean hole stoichi-
ometry of 3.25 and n = 2.63 to be calculated from Eq. (6) for reaction
(2) for the conditions corresponding to Fig. 4.
Despite the facile photo-oxidation of HS− ions on α-Fe2O3 photo-
anodes, they exhibited relatively low incident photon to current
efﬁciencies, typical of their reported behaviour in alkaline conditions
[14,19,20]. Unfortunately, an applied bias was still required, as for
their use for water splitting, because the potential corresponding to
their conduction band edge is insufﬁciently negative to generate hydro-
gen spontaneously.
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Photo-assisted oxidation of HS− to polysulﬁde ions was achieved
using a SnIV-doped α-Fe2O3 photo-anode with lower photocurrent
onset potentials than for OH− oxidation and achieving greater photo-
current densities that were quite stable over 75 h. S22− ions
were found to be the predominant polysulﬁde species for the limited
time/conversions tested but would be expected to tend to S52− ions in
the envisaged technological process. The potential applied to minimise
electron–hole recombination kinetics should not exceed (i.e. b1 V
(RHE)) the onset of dark current density, to avoid deposition of
inhibiting elemental sulfur.
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